The signaling molecule nitric oxide (NO) is synthesized in animals by structurally related NO synthases (NOSs), which contain NADPH/FAD-and FMN-binding domains. During catalysis, NADPH-derived electrons transfer into FAD and then distribute into the FMN domain for further transfer to internal or external heme groups. Conformational freedom of the FMN domain is thought to be essential for the electron transfer (ET) reactions in NOSs. To directly examine this concept, we utilized a "Cys-lite" neuronal NOS flavoprotein domain and substituted Cys for two residues (Glu-816 and Arg-1229) forming a salt bridge between the NADPH/FAD and FMN domains in the conformationally closed structure to allow cross-domain disulfide bond formation or cross-linking by bismaleimides of various lengths. The disulfide bond cross-link caused a >95% loss of cytochrome c reductase activity that was reversible with DTT treatment, whereas graded cross-link lengthening gradually increased activity, thus defining the conformational constraints in the catalytic process. We used spectroscopic and stopped- Nitric oxide (NO) is synthesized in animals by three structurally related NO synthases (NOSs) (1, 2). NOS enzymes are homodimers with each subunit consisting of an N-terminal oxygenase domain (NOSoxy) 2 that catalyzes NO synthesis and a C-terminal flavoprotein or reductase domain (NOSr) that provides electrons and is linked to NOSoxy by an intervening calmodulin (CaM)-binding sequence (3). CaM binding triggers electron transfer from NOSr to NOSoxy, which enables heme-catalyzed O 2 activation as required for NO synthesis (4, 5).
Nitric oxide (NO) is synthesized in animals by three structurally related NO synthases (NOSs) (1, 2) . NOS enzymes are homodimers with each subunit consisting of an N-terminal oxygenase domain (NOSoxy) 2 that catalyzes NO synthesis and a C-terminal flavoprotein or reductase domain (NOSr) that provides electrons and is linked to NOSoxy by an intervening calmodulin (CaM)-binding sequence (3) . CaM binding triggers electron transfer from NOSr to NOSoxy, which enables heme-catalyzed O 2 activation as required for NO synthesis (4, 5) .
NOSr belongs to a family of NADPH-dependent dual-flavin reductases that consist of separate NADPH/FAD-and FMNbinding domains that are attached by a peptide linker of various lengths (between 20 and 132 amino acids) (6, 7) . During catalysis, NADPH-derived electrons transfer into the bound FAD and then distribute into the FMN domain to ultimately generate FMN hydroquinone (FMNhq), which can then transfer electrons to either an attached heme domain (as in NOS) or to an external hemeprotein partner like cytochrome P450 (8) , heme oxygenase (9) , or cytochrome c (10) . The crystal structures of two family members, cytochrome P450 reductase (CPR) and nNOSr, revealed that they have a similar structure where the FMN domain is partly buried in a cup-shaped cavity formed by the NADPH/FAD domain (6, 11) . Although this "closed" conformation positions the FMN and FAD cofactors close enough for direct electron transfer (ET) between them, it also physically shields the FMN from interacting with hemeprotein partners (6) . Thus, during catalysis the FMN domain is thought to move so that the enzyme can cycle between closed and more open conformational states to support ET to its protein partners (6, 12) . Indeed, a variety of spectroscopic and biophysical studies has shown that open conformational states exist in equilibrium with the closed state in NOS (13) (14) (15) (16) (17) (18) (19) and in CPR (20 -24) , and recently the crystal structures of three open conformations have been reported for CPR mutants or chimeras (25, 26) .
The importance of conformational switching in CPR catalysis was previously tested by chemically cross-linking its FMN and NADPH/FAD domains together through a Cys-Cys disulfide bond that was engineered to be located at the domain interface, in order to stabilize the closed structure. Forming the disulfide crosslink inhibited the steady-state cytochrome c reductase activity of CPR (i.e. the electron flux to cytochrome c) by 95% relative to the thiol-reduced (free) form of the enzyme, thus establishing the importance of conformational cycling in electron flux through CPR to cytochrome c and to cytochrome P450 (27) .
In this study, we expanded on these results by site-specifically cross-linking the NADPH/FAD and FMN domains of nNOSr through either a disulfide bond or through a series of bismaleimide cross-linkers of varying lengths. We used previously generated Cys-lite nNOSr (CL nNOSr), in which reactive cysteines have been mutated to serines (17) , and for site-specific cross-linking studies, we generated a CLSSnNOSr variant by mutating Arg-1229 in the NADPH/FAD domain and Glu-816 in the FMN to cysteines in our CL nNOSr construct. This allowed us to investigate how restricting FMN domain movement, either tightly or by allowing graded degrees of conformational freedom, would impact the steady-state catalytic activity (cytochrome c reduction) and CaM response of nNOSr, as well as influence the key steps and parameters that underlie its catalysis. These include the kinetics and extent of flavin reduction, the rate of interflavin ET, the open-closed conformational equilibrium, the reactivity of reduced closed or open states with cytochrome c, and the dynamics of the open-closed conformational switching. Together, our findings refine our understanding of how FMN domain motion relates to catalysis and regulation in NOSr and, by extension, to other members of the dual-flavin reductase family.
Results

General properties of E816C/R1229C CL nNOSr (CLSS)
The UV-visible spectrum of purified CLSS was similar to nNOSr, and it contained the expected one FAD and one FMN per mol of protein (data not shown). It bound 2 mol of Alexa Fluor 555 (A555) maleimide dye per mol of protein, whereas the precursor protein CL nNOSr bound only a trace of the maleimide dye (Fig. 1) . These properties indicate that CLSS was suitable for our studies. Fig. 2 compares the cytochrome c reductase activities of nNOSr, CL, and CLSS proteins in their CaM-free and CaMbound states. The activity and CaM response of CL were similar to nNOSr, whereas the CLSS had CaM-free and CaM-bound activities that were nearly equivalent and similar to the CaMbound nNOSr. The high activity of CaM-free CLSS was expected, due to the Cys substitutions at Arg-1229 and Glu-816 disrupting a salt bridge that normally forms between them (6) and represses the cytochrome c reductase activity of nNOSr in the absence of CaM, likely by stabilizing its closed conformation (19, 28) .
Steady-state reductase activities
Disulfide and bismaleimide cross-linked CLSS
We incubated the CLSS in 50 mM Tris-HCl, 150 mM NaCl, pH 9 buffer, to promote disulfide formation between Cys-1229 and Cys-816. This led to a time-dependent loss in CLSS reductase activity down to 2% of the original value, and the loss was reversed when the pH 9 incubated protein was transferred into pH neutral buffer containing DTT (Fig. 3A) . In comparison, neither a CLSS sample whose Cys groups had been modified with N-ethylmaleimide (NEM) nor the CL precursor protein itself lost their reductase activities during incubation in the pH 9 buffer (Fig. 3A) . Thus, the intended disulfide cross-link formed at pH 9 between Cys-1229 and Cys-816 and caused CLSS to reversibly lose its reductase activity. Likewise, when CLSS was incubated with the shortest possible bismaleimide cross-linking agent bismaleimidoethane (BMOE), there was a time-dependent drop in the cytochrome c reductase activity down to 5% of the original activity (Fig. 3B) . Neither NEMpretreated CLSS nor the CL precursor itself lost activity during an identical incubation with BMOE. Because cross-linking the NADPH/FAD and FMN domains together through either a disulfide bond or a short linker (BMOE) greatly diminished CLSS electron flux to cytochrome c, our results directly demonstrate that freedom of movement of the FMN domain is critical for catalysis of electron flux by nNOSr.
Impact of domain cross-linking on substrate interactions
We examined whether the domain-domain disulfide crosslink would impact the NADPH or cytochrome c interactions of CLSS by comparing the apparent K m values for its free versus disulfide cross-linked form. The K m values of NADPH for free and disulfide cross-linked CLSS are 4.4 Ϯ 0.4 and 3.4 Ϯ 0.5 M, respectively, whereas the K m of cytochrome c for free and disulfide cross-linked CLSS are 3.9 Ϯ 0.5 and 3.5 Ϯ 0.2 M, respectively. These data show that cross-linking the NADPH/FAD and FMN domains did not alter the apparent K m value for NADPH nor the apparent K m value for cytochrome c. We therefore conclude that changes in NADPH or cytochrome c interaction were not involved in causing the considerable loss of cytochrome c reductase activity of CLSS when in the disulfide or BMOE cross-linked state.
Reaction with bismaleimide cross-linkers of varying length and the impact on electron flux to cytochrome c
We next tested how cross-linker length would impact the steady-state electron flux through CLSS to cytochrome c. We utilized seven bismaleimide cross-linking agents that had fully extended arm lengths ranging from 8 to 52 Å and had calculated "random walk" average arm lengths (29) ranging from 8.0 to 19.4 Å ( Table 1) . Because reaction with bismaleimides can generate subpopulations of CLSS molecules where either one or both of the cross-linking Cys groups have reacted with a bismaleimide, but have failed to form an intramolecular domain-domain cross-link, we incorporated a cleanup procedure that utilized thiol-Sepharose beads to remove these undesirable CLSS reaction products, which would contain one or two reactive maleimide groups per mol of CLSS protein and thus would covalently bind to the thiol-Sepharose resin. To validate our method, we quantified the number of maleimide-reactive thiol groups, and the thiol-reactive maleimide groups, that remained on CLSS after it had reacted with each of the bismaleimides and then undergone the thiol-Sepharose cleanup step. We found 0 -5% free thiol groups remained in the reacted CLSS after the cleanup, as judged by their reactivity toward a maleimide fluorescent dye, and the proteins were found to contain less than 0.01 mol of free maleimide per mol of CLSS (data not shown). Also, SDS-PAGE showed there were negligible amounts of intermolecular cross-links formed among CLSS molecules under our cross-linking reaction conditions (i.e. CLSS dimers or trimers; data not shown). In this way, our procedure could generate homogeneous preparations of each cross-linked CLSS protein. Fig. 4 compares the steady-state cytochrome c reductase activities of the cross-linked CLSS proteins. The reductase activities increased as cross-linker lengths increased but began to level out at (fully extended) linker lengths of 18 Å or greater. The cross-linking also made CLSS become responsive to CaM binding, because the CaM-bound forms now all showed greater activity than their CaM-free forms, unlike the response of the free CLSS (Fig. 4, dashed and dotted lines) , whose CaM-free and -bound activities were nearly equal. However, the cross-linked proteins at best achieved only 12% of the maximal activity of the free CLSS (Fig. 4) .
Impact of cross-linking on the conformational equilibrium of the flavin-oxidized CLSS
To examine how domain cross-linking impacts the conformational behavior of the fully oxidized CLSS, we monitored its flavin fluorescence, whose intensity primarily reflects the quenching level of the bound FMN cofactor, which in turn is sensitive to the open-closed conformational equilibrium of the nNOSr (30, 31) . We compared the flavin fluorescence intensities of the free or cross-linked CLSS and how they may change in response to CaM binding. The flavin fluorescence traces in Fig. 5 , left panel, show that the fluorescence intensities were similar among the various cross-linked CLSS in the absence of CaM, which were in turn similar to that of CaM-free wild-type nNOSr. When Ca 2ϩ was added to promote CaM binding, it caused flavin fluorescence to increase for nNOSr, as seen previously (32) , but it caused a very small increase in flavin fluorescence for the disulfide or BMOE cross-linked CLSS. Thus, CaM binding could not cause a shift to a more open conformational state if the NADPH/FAD and FMN domains were tightly crosslinked. For the other cross-linkers, we observed flavin fluorescence increases upon CaM binding that were directly proportional to the cross-linker length (Fig. 5, left and right panels) , and the longest cross-linker we tested allowed a fluorescence increase that reached 60% of the increase observed when CaM bound to nNOSr. In comparison, the flavin fluorescence intensity of the free CLSS was high even in its CaM-free state, and it A, indicated CaM-bound proteins were incubated in pH 9 buffer to induce a reversible domain-domain disulfide cross-link in CLSS, and aliquots were removed at the indicated times for activity assay. The CLSS protein was further incubated in neutral buffer with DTT for 3 h, and its activity was assayed to test for reversibility. B, indicated CaM-bound proteins were incubated with NEM or with BMOE to induce a covalent domain-domain cross-link in CLSS, and aliquots were removed at the indicated times for activity assay. Values are the mean Ϯ S.D. of three measurements, representative of two trials.
increased no further upon CaM binding, consistent with CLSS existing primarily in an open conformation. Together, these results suggest that all of the cross-linkers, regardless of length, stabilized the closed conformation of the CaM-free, flavin-oxidized CLSS, and did so to an extent that was equivalent to that seen in wild-type nNOSr. CaM binding negated their stabilizing effects and allowed the cross-linked CLSS to shift toward more open conformations.
Flavin reduction kinetics
We next investigated how domain cross-linking would impact the import of NADPH-derived electrons into CLSS by analyzing the kinetics of flavin reduction. Each cross-linked or free CLSS was rapidly mixed with a 10-fold molar excess of NADPH in a stopped-flow instrument under anaerobic conditions, and flavin reduction was monitored by recording the spectrum from 400 to 700 nm versus time (33). Fig. 6 , A and B, shows representative data for the free versus BMOE crosslinked CLSS proteins. The overall absorbance decreases were similar, indicating that the domain cross-linking by BMOE did not prevent electron loading into the FAD and FMN cofactors of CLSS. Similar flavin reduction behavior was observed when CLSS was cross-linked with the disulfide bridge or with the longer bismaleimides (data not shown).
The absorbance kinetic traces at 457 nm (Fig. 6 , insets) suggested that flavin reduction was faster in the BMOE-cross- Table 1 Abbreviated names, lengths, and structures of the bismaleimide cross-linkers used in the study a Distance was measured from the ring to ring. b Distance was calculated from a random walk analysis for the free cross-linker (not protein-bound) adapted from a previous report (29) . linked than in the free CLSS. To examine this more closely, we recorded the kinetics of absorbance change at 600 nm during the NADPH-driven reduction of the free and various crosslinked CLSS proteins. The absorbance change at 600 nm detects neutral flavin semiquinone species whose formation and disappearance in CLSS rely on sequential interflavin ET steps (Scheme 1).
We first compared the free and disulfide-linked CLSS proteins. As shown in Fig. 7 , A and B, the disulfide-linked protein clearly had faster rates of flavin semiquinone formation and disappearance. This was confirmed by fitting the absorbance traces at 600 nm, which indicated it had five and two times faster rates of flavin semiquinone formation and decay, respectively (Table 2) . Results from experiments done with the other cross-linked CLSS proteins are reported in Table 2 . Fig. 7 , C and D, plots the fitted rates versus cross-linker length and also indicates as dashed and dotted lines the fitted rates we measured for the free CLSS or determined previously under similar conditions for nNOSr (34) . In general, the cross-linked CLSS all had faster rates of flavin semiquinone formation than did free CLSS, and as cross-linker length increased, there was a corresponding slowing in the rates of flavin semiquinone formation and disappearance. CLSS cross-linked with the two longest linkers displayed rates that were most similar to those reported for nNOSr. Together, the results suggest that cross-linking the NADPH-FAD and FMN domains facilitated the interflavin ET to an extent that was inversely proportional to the cross-linker length.
Impact of cross-linking on the conformational equilibrium and reactivity of the CaM-free reduced CLSS
To examine how domain cross-linking impacts the conformational behaviors of the fully reduced, CaM-free CLSS, we followed an established approach (10) that uses stopped-flow spectroscopy to monitor the reaction of fully reduced NOSr proteins with excess cytochrome c. In such experiments, a fourelectron reduced NADPH-bound NOSr is mixed under anaerobic conditions with excess cytochrome c, and the kinetics of its reduction are recorded at 550 nm (10) . Through application of a four-state kinetic model that relates NOSr conformational cycling to the ET steps within the enzyme and the ET to cytochrome c (Fig. 8) , one can detect the populations of NOSr that are differentially reactive toward cytochrome c (i.e. the open and closed reduced conformations, species d and a in Fig. 8 ), can estimate their relative abundance, and can estimate best fit rates for the interflavin ET step and the nNOSr conformational transitions between its fast and slow reacting states. Based on this approach, we know that fully reduced CaM-free nNOSr exists as a mixture of fast-and slow-reacting conformations. The fast-reacting population is able to transfer an electron from FMNhq to cytochrome c at a rate that is within the mixing dead time of the stopped-flow instrument, and the slow-reactive nNOSr population is able to reduce cytochrome c at a rate that is related to its rate of conformational opening, which is slow enough to be observed by the stopped-flow approach (10) . As catalysis continues, the rates of conformational cycling and interflavin ET all contribute to determining the flux of electrons going to cytochrome c during steady-state catalysis. Using this approach, we have studied how conformational behavior controls electron flux through various NOS proteins (10, 16, 35) and through related dual-flavin reductase enzymes like CPR and methionine synthase reductase. Fig. 9 , A and B, contains the averaged stopped-flow traces of cytochrome c reduction by fully reduced, CaM-free CLSS when it was conformationally free (DTT-treated) or was cross-linked by the disulfide bridge, respectively. In each panel of Fig. 9 , the x axis indicates the cytochrome c absorption at time ϭ 0, a horizontal dashed line indicates the absorption increase achieved when 1 mol of CLSS reduces the 1st molar eq of cytochrome c, and a vertical dashed line indicates the time taken to reduce the 1st eq of cytochrome c. For the free CLSS (Fig. 9A ), the reaction trace shows that the 1st eq of cytochrome c was reduced almost completely 11 41 Ϯ 3. within the mixing dead time. This confirms that the fully reduced CaM-free CLSS exists predominantly in an open conformation that is very reactive toward cytochrome c. In contrast, the reaction trace of CLSS that was cross-linked by the disulfide bond (Fig. 9B) shows that less than 5% of the 1st eq of cytochrome c was reduced in the mixing dead time, and instead a slow rate of reduction occurred throughout the time course. This result is consistent with an efficient domain-domain cross-linking by the disulfide bond and suggests that in this circumstance the CLSS can only transfer electrons to cytochrome c at a much slower rate. The traces in Fig. 9 , C-H, show the averaged stopped-flow traces of cytochrome c reduction by fully reduced, CaM-free CLSS that was cross-linked with bismaleimide linkers of various lengths. As the cross-linker length increased, there was a corresponding increase in the percentage of cytochrome c that was reduced in the mixing dead time, going from Յ5% to about 60% from the shortest to longest cross-linker. These percentages indicate the percentage of enzyme that was in the open reactive conformation at the time of mixing, and they are listed in Table 3 and plotted as a function of cross-linker length in Fig.  10 . Once the fast-reacting population had reduced cytochrome c, the traces in all cases deflected to a slower reduction rate and achieved an apparent steady state shortly after the 1st eq of cytochrome c was reduced. The same behavior was seen previously in the reactions catalyzed by nNOSr or other dual-flavin enzymes (10) . The steady-state rates as determined from tangent lines drawn to the traces in Fig. 9 during reduction of the 2nd eq of cytochrome c are graphed as a function of cross-linker length in Fig. 10 . The comparison indicates that a good correlation exists between each enzyme's steady-state activity and the extent to which its fully reduced form populated the open reactive conformation. Together, the stopped-flow results suggest that the domain cross-linkers shifted the conformational equilibrium of the CaM-free, fully reduced CLSS toward the closed conformational state in inverse relation to the cross-linker length. This in turn correlated well with decreases in their steady-state cytochrome c reductase activities.
Impact of CaM on the conformational equilibrium of the crosslinked reduced CLSS
We used an identical approach to study whether CaM binding may influence the conformational equilibrium of the reduced, cross-linked CLSS. Fig. 11 compares cytochrome c reduction traces that were recorded for CaM-bound versus CaM-free CLSS that had been cross-linked with four bismaleimides of various lengths. CaM increased the slopes of the traces and shortened the time required to reduce 1 eq of cytochrome c in direct relation to the cross-linker length. This indicates it increased the rate of cytochrome c reduction and confirms the CaM effect we observed in our conventional reductase activity measures (see Fig. 4 ). In contrast, the traces indicate that CaM had very little impact on the percentage of fast versus slow reacting species that were present at the time of mixing in the cross-linked CLSS. The calculated estimates for the percentage of open conformational species are listed in Table 4 . Thus, we conclude that CaM binding increased the reductase activity of the longer cross-linked CLSS without significantly altering their conformational K eq .
Derivation of conformation-based parameters
To derive the best-fit kinetic parameters, we performed computer simulations of the reaction traces in Fig. 9 according to the modified four-state kinetic model in Fig. 8 , which now takes into account the low but detectable reactivity of the conformationally closed CLSS (i.e. disulfide cross-linked CLSS) toward cytochrome c. To derive rates for the ET reactions of this conformationally closed species, we simulated a two-state kinetic model where the disulfide cross-linked CLSS stays in a closed state during the electron transfer to cytochrome c, and simply cycles between species d and c in Fig. 8 . The simulation provided best-fit rate estimates for the interflavin ET (k 2 ϭ 100 s Ϫ1 ) and for the ET to cytochrome c by the disulfide cross-linked species d (k 4 Ј ϭ 0.019 M Ϫ1 s Ϫ1 ). These values are listed in Table 3 and were incorporated into our kinetic model of Fig. 9 and in all further simulations.
Because each of the reduced and bismaleimide cross-linked CLSS samples contained subpopulations that reacted with cytochrome c in the mixing dead time (see Fig. 9 , reaction traces), it implies that conformationally open forms were present in each case and that they are kinetically uniform in their reactivity toward cytochrome c. We could thus assume they all reacted with cytochrome c at a rate k 4 ϭ 225 s Ϫ1 under our experimental reaction conditions (10) . As explained previously (36) , the simulations also incorporate the measured conformational equilibrium K eq value of each protein (derived from the reaction traces in Fig. 9 as noted above) and incorporate the measured time that was required for each protein to reduce the 1st eq of cytochrome c. Together, this allowed us to derive best-fit estimates for the rates of interflavin electron transfer (k 2 ) and the rates of conformational opening and closing (k 1 , k -1 , k 3 , and k Ϫ3 in Fig. 8 Table 3 , and these values are graphed as a function of the cross-linker length in Fig. 12 , A-C, and are compared with values obtained for the free CLSS or for nNOSr. Clear trends exist between cross-linker length and the simulated rates of conformational opening, conformational closing, and interflavin ET. These relationships are discussed below.
Discussion
Dual-flavin reductases exist as dynamic mixtures of closed and open conformational forms (14, 17, 18, 20) . We engineered a cross-linking site into CL nNOSr to tether its FMN and NADPH-FAD domains and to study how restricting FMN domain movement to varying degrees would affect key aspects of catalysis.
Cross-linking at Cys-1229 and Cys-816 by a Cys-Cys disulfide bond is the shortest possible tether for the two domains, and it mimics the conformationally closed nNOSr crystal structure (6) . Having a stable closed form of CLSS allowed us to measure its ET and catalytic properties, which otherwise cannot be derived from the dynamic conformational mixtures that normally exist. We found that restricting the enzyme to a closed conformational state had no discernable impact on its NADPH interaction, but it did enhance the rates of flavin reduction relative to the conformationally free CLSS or to nNOSr (34) . Indeed, the rate of interflavin ET (which is essentially the k 2 parameter in the model of Fig. 8 ) was increased by the domain cross-linking. This is consistent with the FAD and FMN isoalloxazine rings being close enough in the closed structure of nNOSr to allow a direct ET between them. We also saw that the rate of flavin reduction became progressively slower as the cross-linker length increased, which in turn was associated with Table 3 Equilibrium and kinetic values derived from the stopped-flow absorbance traces of cytochrome c reduction by the free or cross-linked CLSS proteins
The reactions mixed each NADPH-bound, pre-reduced enzyme with excess cytochrome c. Fitting was done using the kinetic model of Fig. 8 . See text and under "Experimental procedures" for details. NA means not applicable. Together, our findings imply that the freedom of motion normally available to the FMN domain in nNOSr or in CLSS actually inhibits the kinetics of their FMN reduction, because it becomes partly rate-limited by the enzyme's conformational equilibrium and dynamics. On a related note, we found that CaM binding to the disulfide cross-linked CLSS did not increase its rate of flavin reduction, which otherwise normally occurs when CaM binds to nNOSr (37) . This implies that a change in FMN domain conformational behavior is needed for CaM to have its kinetic effect on flavin reduction. A recent study showed that CaM speeds the conformational dynamics of nNOSr (16) , and this effect, in light of our current results, can explain how CaM could speed flavin reduction in nNOSr but fail to do so in the disulfide-linked CLSS. The disulfide cross-linked CLSS greatly, but not completely, lost its ability to catalyze ET to cytochrome c. We suspect that its residual activity is due to catalysis by the disulfide crosslinked CLSS itself, rather than any contamination by noncross-linked CLSS. This would be consistent with a low but detectable cytochrome c reductase activity being measured for the isolated nNOS NADPH/FAD domain (33) and for CPR maintaining 5-10% of its activity when its FMN and NADPH/ FAD domains have been similarly disulfide cross-linked (27) . In any case, our results highlight the importance of FMN domain conformational freedom in facilitating electron flux through nNOSr to cytochrome c and reveal that it is similar in this respect to the related enzyme CPR.
Our study also addressed three related questions. How does a gradual change in FMN domain conformational freedom influence (i) the steady-state cytochrome c reductase activity, (ii) the reactivity of the reduced FMN domain toward cytochrome c, and (iii) the open-closed conformational equilibrium of nNOSr? Before addressing these questions, we should consider the range of conformational freedom that is available to the FMN domain, which may be estimated from the crystal structures of the related enzyme CPR in its open conformations. In two of the open structures, the CPR residues Asp-147 and Arg-514 (analogous to Cys-816 and Cys-1229 in CLSS) are separated by a distance of 40 Å (26), and in a maximally extended CPR structure, they are separated by 85 Å (25) . For comparison, our bismaleimide cross-linkers in their fully extended conformations (see Table 1 ) would allow maximal distances between the Cys-816 and Cys-1229 residues of 11-53 Å, so in principle they can permit a range of conformational freedom that is within what is seen in two of the open CPR structures but would not allow the most extended structure to form. As discussed elsewhere (10, 20, 25, 26, 36, 38) , populating maximally extended open conformations may occur for diflavin reductases in solution, but they are not needed to support cytochrome c reduction, which only requires a small displacement and rotation of the FMN domain from the closed structure. In fact, populating the more extended open structures could be detrimental for steady-state catalysis of cytochrome c reduction, because they may require a longer time to re-form the closed conformation after their ET reaction has occurred.
In this context, we observed that the cytochrome c reductase activity of CLSS increased as the cross-linker length increased, with the greatest change occurring between cross-linker maximal lengths of 13-18 Å, after which further lengthening only gave small gains. The same pattern was seen for the CaM-free and CaM-bound proteins. Given these results, and the fact that each cross-link tether may support on average a shorter length than its maximally extended value, our data suggest that affording the FMN domain only a small extent of conformational freedom is enough for it to catalyze electron flux to cytochrome c in our system. This is consistent with a small displacement and rotation of the reduced FMN domain from the closed nNOSr structure as being sufficient for catalysis.
All of the cross-linked CLSS had lower steady-state catalytic activities than free CLSS or nNOSr. This means the domain tethering somehow limited electron flux through CLSS. Their lower reductase activities were not due to a problem in electron loading into the CLSS flavins, which was faster in the crosslinked CLSS, nor was it due to their FMN domain having an inherently lower reactivity toward cytochrome c, because all of the cross-linked CLSS preparations with tethers longer than BMOE contained conformationally open subpopulations whose reduced FMN domain reacted with cytochrome c as fast as it did in the free CLSS (i.e. within the mixing dead time). This kinetic uniformity implies that even a small extent of conformational freedom allows the bound FMN to get close enough to the heme in cytochrome c for rapid ET (39) . The kinetic parameters we derived from fitting the cytochrome c reduction traces revealed that the cross-linkers probably slowed electron flux through CLSS by stabilizing its closed conformation and by slowing its conformational dynamics. Cross-linking had a remarkable capacity to stabilize CLSS in its closed conformation (40 -90% closed, depending on the linker), because CLSS otherwise exists primarily in an open conformation in both its fully oxidized and fully reduced states. The cross-linking also restricted the ability of CaM to impact the conformational equilibrium, because it only affected the equilibrium of CLSS in the flavin-oxidized state, whereas CaM shifts the equilibrium of free nNOSr in both its fully oxidized or fully reduced states (16, 17) . Providing the cross-link between the NADPH/FAD and FMN domains also made up for the stabilization due to the Arg-1229 -Glu-816 salt bridge that normally forms in the domain-domain interface of nNOSr but is lost in CLSS due to the Cys substitutions at these two positions. The longer cross-linkers stabilized the closed conformation of fully reduced CLSS to an extent equivalent to the native Arg-1229 -Glu-816 salt bridge (supporting about 50 -50 openclosed), whereas the shorter cross-linkers provided even greater stabilization. Because a conformational K eq near 1 is optimal to support electron flux through dual-flavin reductases (36) , the ability to bring the conformational K eq of CLSS closer to unity was a positive effect of the longer cross-linker, but this was ultimately overcome by their slowing down the domain conformational dynamics to a point where it lowered steadystate activity relative to the free enzyme.
To conclude, employing cross-linkers of varying length was a successful strategy to control the conformational freedom in CLSS, and it revealed how FMN domain conformational freedom shapes the enzyme's physical and kinetic properties, its CaM response, and its electron flux to cytochrome c. This increases our general understanding of dual-flavin enzymes, and it provides a framework to study how FMN domain conformational freedom influences catalysis of NO synthesis in the full-length NOS.
Experimental procedures
General methods and materials BMOE, bismaleimidobutane, bismaleimidohexane (BMH), bismaleimido-diethyleneglycol (BM(PEG) 2 ), and bismaleimidotriethyleneglycol (BM(PEG) 3 ) were purchased from Thermo Fisher Scientific (Waltham, MA). Bismaleimido-hexaethyleneglycol and bismaleimido-hendecethyleneglycol were purchased from BROADPHARM (San Diego). All other reagents and materials were obtained from sources reported elsewhere (10) . UV-visible spectra and steady-state activity data were obtained using a Shimadzu UV-2401 PC UV-visible spectrophotometer. Origin 8.0 (OriginLab, Northampton, MA) was used to plot and fit all the data unless stated otherwise. All experiments were repeated two or more times with independently prepared batches of proteins. The results were shown as mean Ϯ S.D.
Molecular biology
Rat nNOSr constructs were used (amino acids 695-1429) (31) , and they all contained the adjacent N-terminal CaM-binding motif. A previously constructed pCWori expression plasmid (10) containing the Cys-lite rat nNOSr (CL nNOSr) (17) was used for mutagenesis. CL nNOSr double mutant (E816C/ R1229C) was prepared by site-directed mutagenesis of the CL nNOSr DNA. First, we mutated the Glu-816 to Cys, and then the E816C mutant was used as a template to mutate Arg-1229 to Cys. Oligonucleotides for site-directed mutagenesis were obtained from Integrated DNA Technologies (Coralville, IA). The primers used to generate the E816C/R1229C mutant were as follows: E816C sense, 5Ј-GGAGACCCCCCTTGTAACG-GGGAGAAATTC-3Ј, and E816C antisense, 5Ј-GAATT-TCTCCCCGTTACAAGGGGGGTCTCC-3Ј; R1229C sense, 5Ј-CCCTGCTTCGTGTGTGGTGCCCCTAGCTTC-3Ј, and R1229C antisense, 5Ј-GAAGCTAGGGGCACCACACAC-GAAGCAGGG-3Ј. Site-directed mutagenesis was performed using the QuikChange XL mutagenesis kit (Agilent Technologies-Stratagene, La Jolla, CA). The sequences of mutations were confirmed by DNA sequencing at the Cleveland Clinic Genomics Core Facility at the Cleveland Clinic. This mutant is referred to as CLSS.
Expression and purification of wild-type and mutant nNOSr
pCWori vectors containing DNA of either CL, CLSS, of nNOSr were each transformed into Escherichia coli BL21 (DE3), which contained a CaM expression plasmid (10, 17, 35) . CL, CLSS, and nNOSr proteins were purified by sequential chromatography on a 2Ј,5Ј-ADP-Sepharose affinity column and a CaM-Sepharose affinity column as reported previously (10, 17, 35) . Their concentrations were determined using an extinction coefficient of 22.9 mM Ϫ1 cm Ϫ1 at 457 nm (10, 17, 35) .
Preparation of cross-linked, N-ethylmaleimide-conjugated, DTT-treated, or pH 9-treated CLSS
10 mM bismaleimide cross-linker stock solutions were made in DMSO immediately before use, and cross-linking was carried out on ice by incubating protein pre-treated with 10 eq of tris(2-carboxyethyl)phosphine (TCEP) and 5 eq of oxidized nicotinamide adenine dinucleotide phosphate (NADP ϩ ) with 2 eq of bismaleimide for 40 min on ice in 40 mM EPPS, 150 mM NaCl, 10% glycerol, pH 7.0 buffer. In the meantime, thiopropylSepharose 4B resin (GE Healthcare) was activated by incubating with 1 mM DTT for 30 min and then washing the resin with 40 mM EPPS, 150 mM NaCl, 10% glycerol, pH 7.0 buffer. Each reaction mixture was then incubated with the activated thiopropyl-Sepharose 4B resin for 40 min on ice to bind and remove any CLSS molecules that had reacted with the bismaleimide but failed to cross-link. The mixture was then centrifuged at 10,000 rpm for 3 min at 4°C to remove the beads, and the supernatant was loaded onto a PD10 column (GE Healthcare) to remove excess TCEP, NADP ϩ , and bismaleimide. NEM-conjugated CLSS was prepared using a method described previously (40) . DTT-reduced CLSS was prepared by incubating CLSS in 40 mM EPPS, 150 mM NaCl, 10% glycerol, pH 7.6 buffer, containing 0.5 mM DTT for 1 h on ice. The pH 9-treated CLSS was prepared by incubating CLSS in 50 mM Tris-HCl, 150 mM NaCl, pH 9.0 buffer, for 1 h on ice and then passing it through a Sephadex G-25 column (GE Healthcare).
Reactive thiol and maleimide quantification
Reactive thiol groups on the BM cross-linked CLSS (CLSSBMs) samples or on CL were quantified using the Alexa Fluor 555 maleimide dye (A555, Thermo). A555 maleimide labeling was performed using the method described previously (17) . The number of maleimide groups remaining in the CLSS-BM preparations was quantified using Amplite fluorimetric maleimide quantitation kit (AAT Bioquest, CA).
Steady-state cytochrome c reduction assays
The cytochrome c reductase activity of nNOSr proteins was determined by monitoring the absorbance increase at 550 nm using an extinction coefficient of 21 mM Ϫ1 cm Ϫ1 (31) . Experiments were done at 25 or 10°C and performed in triplicate.
Flavin reduction kinetics and analysis
The anaerobic flavin reduction kinetics were measured using methods reported previously (31, 34) . Briefly, fully oxidized nNOSr proteins (10 -15 M) were mixed with NADPH (100 M) anaerobically in the stopped-flow instrument at 10°C. In the experiment, the spectrum from 400 to 700 nm or the absorbance change at 457 or 600 nm was recorded over time by SF-61DX2 or SF-61 stopped-flow instruments, respectively (TGK Scientific, UK). The signal to noise ratio in the flavin reduction experiments was improved by averaging 5-7 individual scans in all cases. A double exponential equation was used to fit the recorded traces at 600 nm to obtain the flavin semiquinone formation k f and decay rates k d (34) .
Pre-steady-state cytochrome c reduction kinetics and analysis
Experiments and analyses were done essentially as detailed previously (10, 35) . Briefly, fully reduced nNOSr proteins (10ϳ15 M) were mixed with cytochrome c (100 M) anaerobically in the stopped-flow instrument at 10°C. The absorbance at 550 nm when 1 eq of cytochrome c was reduced by each CLSS protein and the conformational equilibrium constant K eq of each CLSS protein were determined using previously published methods (10, 35) .
Simulation of pre-steady-state cytochrome c reduction traces
The simulations were performed using methods described in detail previously (10, 35, 36) , with modifications. Briefly, and as described under "Results," a two-state model was used to simulated the pre-steady-state cytochrome c reduction of the pH 9-treated CLSS (disulfide cross-linked CLSS), whereas a modified four-state model was used to simulate the cytochrome c reduction traces of all the CLSS-BM and DTT-treated CLSS proteins. All simulations were done using the program Gepasi version 3.30 (41) . All simulated reactions began with 100% of the enzyme in the fully reduced state (36) , with the initial concentrations of the open and closed species being calculated from the experimentally determined K eq (36) . In the simulation of the two-state transition model, the cross-linked CLSS protein cycles only between the reduced closed and oxidized closed species. The cytochrome c reduction rate constant k 4 Ј for the closed conformation was treated as a variable to determine the best-fit value. The best-fit k 4 Ј value was then used in our other simulations that used the modified four-state model. In these simulations, the four conformational change rates (k 1 , k Ϫ1 , k 3 , and k Ϫ3 ) and the interflavin electron transfer rate (k 2 ) were treated as variables. The cytochrome c reduction rate constant (k 4 ) for the open conformational form was set to be 225 s Ϫ1 in all cases (10, 35, 36) . Rate constants were first chosen that allowed us to match the cytochrome c reduction rate obtained from each experimental trace and then were refined in an iterative process using the time recorded for the first turnover and the overall best fit to the trace as a criteria to obtain the best-fit rate constants.
Fluorescence spectroscopy
Flavin fluorescence emission of nNOSr proteins was measured in a 1-ml quartz cuvette in a Hitachi model F-2500 spectrofluorometer as reported previously (30) with modifications. Samples contained a 2 M concentration of each protein in 40 mM EPPS, pH 7.6, containing 3 M CaM and 0.6 mM EDTA. The samples were excited at 457 nm, and the emission intensity at 530 nm was monitored versus time before and after adding 1 mM CaCl 2 and 3 mM EDTA.
Apparent K m of cytochrome c and NADPH
Apparent K m values for NADPH or cytochrome c were determined for the DTT-treated or the pH 9-treated CLSS by Origin 8.0 using the Michaelis-Menten function (42) . The ferricyanide reduction activity versus initial NADPH concentration was measured in cuvettes at 420 nm at 25°C (43) , in the absence of CaM and in the presence of an NADPH-regenerating system containing 0.5 unit of glucose-6-phosphate dehydrogenase and 0.5 mM glucose 6-phosphate (44) . The cytochrome c reductase activity was measured from the initial rates of absorbance increase at 550 nm as described above, and in the absence of CaM, except the concentration of cytochrome c used here ranged from 0.1 to 100 M (30).
